Bulk thermal properties (heat capacity, thermal conductivity, thermal di!usivity) of fuzzy and starch-coated cottonseeds were determined in the temperature range of 20}503C as a function of bulk density (256}600 kg/m) and moisture content (2}50% d.b.). The heat capacity of the cottonseeds remained almost constant with increasing bulk density and it linearly increased with increasing moisture content. It was determined to be between 1)20 and 2)95 kJ/kg K and between 1)31 and 3)16 kJ/kg K for the fuzzy and the starch-coated cottonseeds, respectively. The thermal conductivity linearly increased with increasing density and moisture content. It ranged from 0)0859 to 0)4422 W/m K for the fuzzy cottonseed and from 0)1318 to 0)5219 W/m K for the starch-coated cottonseed. The thermal di!usivity linearly decreased with increasing density and moisture content. It was obtained between 0)48;10\ and 1)51;10\ m/s for the fuzzy cottonseed and 0)53 ;10\ and 2)17;10\ m/s for the starch-coated cottonseed. Linear regression models for estimating these thermal properties as functions of the bulk density and the moisture content "tted the experimental data well. The starch coating did not signi"cantly a!ect the heat capacity of the cottonseed. However, it led the thermal conductivity and the di!usivity to increase.
Introduction
Cottonseed is a byproduct of cotton left after ginning. In the ginning process, the long "bres (lint) are removed but the short "bres (linter or fuzz) remain on the seed. The linters cover the seed or are restricted to one or both ends of the seed according to the species and variety (Salunkhe et al., 1992) . The seeds with linters are called fuzzy cottonseeds.
Cottonseed is a valuable source of edible oil and protein-rich feed for ruminant livestock. The cottonseed linters are used to produce a variety of things like plastics, rocket propellants, rayon, pharmaceutical emulsions, cosmetics, photography and X-ray "lm, upholstery, and "ne writing paper including currency paper.
Fuzzy cottonseed lumps up because of the highly entangling nature of the linters. The linters make the seed poor in #ow characterstics and cause problems during storage, handling, and processing. Treatment of the cottonseed with gelatinized starch binds the linters together and makes the linters almost an integral part of the hull (Fig. 1) . Further, coating the seeds with a mild dose (5%) of gelatinized starch alleviates the entangling, eliminates Fig. 1. Fuzzy cottonseed (left) and starch-coated cottonseed (right) the lumping and improves the #ow characteristics as well as decreases the storage volume (Laird et al., 1997; Turhan et al., 1998) . Cottonseed is subjected to a variety of heat treatments during storage and processing. It is cold dried in the storage house to decrease the high moisture content which adversely a!ects the vigour and the quality of the cottonseed by increasing the biological activity and the mould growth (Murti & Achaya, 1975) . For e!ective oil extraction cottonseed is subjected to conditioning by drying in the re"nery before the extraction and cooked during the extraction (Salunkhe et al., 1992) .
Thermal properties (heat capacity, thermal conductivity and thermal di!usivity) of the cottonseed are important data for designing cottonseed and cotton storage houses, aeration and cooling processes during the storage and food manufacturing practices involving cottonseed, and for developing predictive models. Thermal properties of a wide variety of food and agricultural materials including oil-bearing seeds are available in the literature (Rahman, 1995) , nevertheless they are not documented for the cottonseed. The objectives of this study were to determine the bulk thermal properties of the fuzzy and starch-coated cottonseeds, and to observe the e!ects of density, moisture content, and starch coating on the thermal properties.
Materials and methods

Sample preparation
Fuzzy and starch-coated cottonseeds (Mississippi variety) were obtained from a commercial source. Starch content of the starch-coated cottonseed was determined to be 8)2% from the di!erence between the mass of 500 fuzzy and coated cottonseeds picked randomly. Bulk thermal properties (heat capacity, thermal conductivity and thermal di!usivity) of the cottonseeds were determined at four bulk densities between 256 and 600 kg/m and at "ve moisture contents between 2)0 and 50) 0% (d.b.) in the temperature range of 20}503C.
Cottonseeds were "lled evenly in a cup (stainless-steel pipe with stoppers on both ends with a volume of 7)31;10\ m and diameter of 35)6 mm). Bulk densities of the samples were calculated from the ratio of cottonseed mass/cup volume. Particle densities of the original samples were determined through the liquid displacement method by using water.
Moisture contents of the original fuzzy and coated cottonseeds were found to be 5)9 and 7)3% (d.b.), respectively. For the higher moisture contents, original samples were sprayed with the calculated amount of distilled water and kept in polyethylene bags at 53C for "ve days for moisture equilibration. For the lower moisture content, original cottonseeds were dried at 503C overnight and stored in a desiccator containing CaSO . Moisture contents of the samples were determined at 1053C by keeping in an oven for 24 h. All experiments were carried out in triplicate.
Heat capacity measurement
Bulk heat capacities of the samples were determined by using the method of mixtures. In this method the sample at a known mass and temperature is dropped into a calori meter containing a liquid at a known heat capacity, temperature and weight. The unknown heat capacity is then computed from a heat balance equation between the heat gained or lost by the liquid and calorimeter and that lost or gained by the specimen. Mohsenin (1980) has provided details of the method.
A vacuum-jacketed vessel with a diameter of 7)6 cm and a height of 16)2 cm (Thermos Co., Norwich, CT) was used as the calorimeter. Distilled water and the stainlesssteel cup given above were used as the calorimeter liquid and the sample cup, respectively. At the start of the experiments, water was at 50$13C, and the calorimeter, cup and the sample were at 20$0)53C. Experiments were conducted at 20$0)53C in a temperature-controlled cabinet (VWR Scienti"c, Low Temperature Incubator 2005) for 1 h which was adequate for the thermal equilibration in the calorimeter. Temperature readings were done at the start and end of the experiments by using a Type T thermocouple (diameter of 0)051 mm, accuracy of $0)13C) connected to a data acquisition system (Hewlett-Packard 34970A with Terminal Unit 34901A).
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Under the given conditions, the system was operated while the cup is empty and "lled with the sample and bulk heat capacities of the cottonseeds were estimated by using the following heat balance equation:
where m is the mass; C is the heat capacity, ¹ is the temperature change. The "rst term on the lefthand side of Eqn (1) gives the heat lost by the calorimeter water when the cup contains a sample. The second term on the left-hand side stands for the heat lost by the calorimeter water when the cup is empty. It was determined to be 10)286$0)320 kJ on average. The term on the right-hand side of Eqn (1) is for the heat gained by the sample. In the calculations a value of 4)18 kJ/kg K was used for the heat capacity of the calorimeter water. Particle heat capacities of the original cottonseeds were measured by using a di!erential scanning calorimeter (Modulated DSC 2920, TA Instruments, New Castle, DE). The principles of the method has been documented well in the literature (Biliaderis, 1990) . The instrument was calibrated by using aluminium oxide standard according to a procedure provided by the manufacturer (TA Instruments, 1996) . Heat capacity of aluminium oxide was determined between 20 and 503C at the heating rate of 103C/min. The average of the measured heat capacities was compared with the average of the literature values between 20 and 503C. The ratio between the measured and the literature heat capacity values for aluminium oxide provided the calibration constant for the instrument. The calibration constant was obtained to be 1)01 and checked frequently (TA Instruments, 1996) . Chopped cottonseed samples (3}6 mg) were sealed in the aluminium pans speci"c for the instrument used and scanned under the above conditions. Also, 5% solution of cornstarch obtained from market was gelatinized at 803C, dried and its heat capacity was measured through the same method.
¹hermal conductivity measurement
Bulk and particle thermal conductivities of the cottonseeds were determined by using the thermal conductivity probe method. This method utilizes a constant heat source to an in"nite sample body at a uniform initial temperature along a line of in"nitesimal diameter compared to the sample body. Having the heat source imbedded in the sample, the line-source is energized and the temperature rise at a given distance from the source is measured after a short heating time. Temperature is plotted against the natural logarithm of time. The resultant plot is a straight line after a lag period. Thermal conductivity k is then calculated from the slope S of the line portion of the curve according to Eqn (2):
where K is the probe constant and Q I is the heat input/length of the probe. Details of the thermal conductivity probe have been discussed in Mohsenin (1980) .
The thermal conductivity probe used in this study was constructed of a stainless-steel needle tubing (length of 8)5 mm and diameter of 0)93 mm) attached to a Miniature Type E thermocouple female connector was used. Bare constantan wire (diameter of 0)076 mm) with enamel insulation was utilized as the heater wire. Thermocouple wires were Type E (diameter of 0)051 mm, accuracy of $0)13C) with plastic spaghetti tubing insulating the thermocouple junction. The heater wire and thermocouple wires were insulated from each other and the stainless-steel tubing. Bulk thermal conductivity of the cottonseeds was determined by inserting the probe into the axial centre of the cup packaged with the sample. Temperature data were collected every 0)001 s using a data acquisition system (Hewlett-Packard 34970A with Thermocouple Terminal Unit 34901A). The system was tested with 2% (m/v) agar gel (Bacto-Agar, Difco) with a thermal conductivity of 0)60 W/m K (Barringer et al., 1995) before every measurement to determine the probe factor K in Eqn (2). Particle thermal conductivity of the cottonseeds was determined by piercing the particles through and tightly threading onto the probe.
¹hermal di+usivity measurement
Bulk thermal di!usivity of the samples was measured by Dickerson's method. In this method, a metallic cylinder containing the sample is immersed in an agitated water bath. Thermocouples are attached at the outside surface of the cylinder and the centre of the sample to monitor the sample temperature. The cylinder is placed in the water bath and the time}temperature data is recorded until a constant rate of temperature increase is obtained for both thermocouples. Temperature in the centre ¹ A and the surface ¹ Q of the cylinder is plotted versus time and the thermal di!usivity is calculated through Eqn (3), using the slope S at the constant temperature rise portion of the lines
where r is the radius of the sample. Mohsenin (1980) has provided details of Dickerson's method. The apparatus used for determining the thermal di!usi vity of the cottonseeds consisted of a stirred water bath with the aforementioned cup containing the sample immersed. A Type T thermocouple (diameter of 0)051 mm, accuracy of $0)13C) was soldered to the outside of the cup to monitor the surface temperature of the sample. The centre temperature of the sample was measured using a thin Type T thermocouple (diameter of 0)889 mm, length of 7)4 cm, accuracy of $0)13C). Temperature data were collected every minute using a data acquisition system (Hewlett-Packard, 34970A with Thermocouple Terminal Unit 34901A).
FUZZY AND STARCH-COATED COTTONSEEDS
Results and discussion
E+ect of density and moisture
Bulk thermal properties of the fuzzy and starch-coated cottonseeds are tabulated in Table 1 . Thermal properties of the particle cottonseeds and the 5% gelatinized starch are given in Table 2 . One-way ANOVA tests revealed that bulk thermal properties of the cottonseeds are signi" cantly a!ected by the bulk density and moisture content (F/F A '1), except the heat capacity which was independent of the density (F/F A (1) ( Table 3) . Linear regression models for estimating the thermal properties as functions of the density and moisture content are presented in Table 3 . All models "tted the experimental data well, with the coe$cients of determination R close to 1)00 and small percent standard errors of estimate (SEE). The contribution of air to the bulk heat capacity of the fuzzy and starch-coated cottonseeds was imperceptible within the given density range because of its negligible mass compared with the mass of the cottonseed in the bulk. However, its existence caused a signi"cant di!erence between the particle and bulk heat capacities of the cottonseeds. The particle heat capacity was measured to be 1)65 and 1)69 kJ/kg K for the fuzzy and starch-coated cottonseed, respectively (Table 2 ). However, within the given density ranges, the average heat capacity was obtained to be 1)48 and 1)49 kJ/kg K for the fuzzy and coated cottonseeds, respectively ( Table 1) . As expected, the heat capacity of the cottonseeds increased substantially with increasing moisture content because of the high heat capacity of water. The heat capacity of the cottonseeds (Table 1 ) was comparable to similar high oil content materials in the literature. Hsu et al. (1991) reported that the heat capacity of pistachio linearly increased from 1)10 to 2)10 kJ/kg K at room temperature in the moisture content range of 8)0}65)0% (d.b.). The heat capacity of soybean linearly increased from 1)91 to Table 2 Properties of the particle fuzzy and coated cottonseeds, and 5% % gelatinized-dried starch at 253C*
Seed
Density, kg/m 2)91 kJ/kg K at 273C in the moisture content range of 8.1}25% (d.b.) (Deshpande et al., 1996) . The thermal conductivity of the cottonseeds linearly increased with the bulk density. This is due to exclusion of air, a poor conductor k of 0)0025 W/m K, and improved particle-to-particle thermal contact. The regression models for estimating the thermal conductivity of the bulk cottonseeds as functions of the density [Eqns (6) and (7) in Table 3 ] were tested for estimating the thermal conductivity of the particle cottonseeds by substituting the particle density values ( Table 2) . The results were 0)1574 and 0)2288 W/m K and comparable to the measured values of 0)1671 and 0)2165 W/m K for the particle fuzzy and coated cottonseeds, respectively. The small di!erences ((6%) between the measured and calculated values indicate that Eqns (6) and (7) are suitable for estimating the particle thermal conductivity of the samples under the given conditions. Thermal conductivity of the cottonseeds increased with increasing moisture content (Table 1) because of the higher thermal conductivity of water, k+0)60 W/m K. The magnitude and trend of the thermal conductivity of the cottonseed samples versus increasing moisture content (Table 1) were in agreement with the literature. Deshpande et al. (1996) observed a linear increase in the bulk thermal conductivity of soybean from 0)1157 to 0)1756 W/m K at 273C in the moisture content range between 8 and 25% (d.b.) . Shepherd and Bhardwaj (1986) reported that the bulk thermal conductivity of pigeon pea linearly increased from 0)1358 to 0)1862 W/m K in the moisture content range of 8}26% (d.b.) between 10 and 403C.
The bulk thermal di!usivity of the cottonseeds decreased linearly with the bulk density and the moisture content. Any change in the thermal di!usivity of the cottonseeds can be explained by the resultant e!ect of the changes in the thermal conductivity k, bulk density , and heat capacity C according to Eqn (4) (Rahman, 1995) :
For example, [referring to Eqns (6) and (7) in Table 3 ] since increases to a greater extent than k and C remains constant, then decreases with increasing . Also [referring to Eqns (5), (8) and (9) in Table 3 ] at a given density , C increases to a greater extent than k as the moisture content increases, resulting in a lower value of . The FUZZY AND STARCH-COATED COTTONSEEDS values and trends of the thermal di!usivities of the simi lar materials versus moisture content are mixed in the literature. The bulk thermal di!usivity of pistachio decreased linearly from 4)8;10\ to 3)2;10\ m/s at room temperature in the moisture content range of 8}65% (d.b.) (Hsu et al., 1991) . The bulk thermal di!usivity of soybean linearly increased from 2)9;10\ to 3)1;10\ m/s at 273C in the moisture content range of 8)1}25% (d.b.) (Deshpande et al., 1996) .
E+ect of starch coating
The e!ect of the starch coating on the bulk thermal properties of the cottonseed was mixed. A one-way ANOVA test showed an insigni"cant di!erence between the particle heat capacity of the fuzzy and coated cottonseeds, and the gelatinized starch (Table 2) . Since the heat capacity of the particle fuzzy cottonseed and the gelatinized starch are almost the same, the e!ect of the coating on the particle heat capacity was insigni"cant. Then, the bulk heat capacity was determined to be almost the same for the fuzzy and starch-coated cottonseeds which was 1)48 and 1)49 kJ/kg K, respectively (Table 1) .
The bulk thermal conductivity of the starch-coated cottonseed was greater than that of the fuzzy cottonseed according to a one-way ANOVA test (Table 1) . The di!erences between the bulk thermal conductivity of the cottonseeds can be assessed by taking into account gelatinized starch's e!ect on the particle density and its thermal properties (Table 2) . While starch coating caused to increase (Table 2) , C remained constant and k increased with increasing (Table 1) . On the other hand, the k value of gelatinized starch was signi"cantly greater than that of the fuzzy cottonseed (Table 2) . Accordingly, starch coating added to both particle and bulk thermal conductivities of the cottonseed as observed in Tables  1 and 2. The bulk thermal di!usivity of the starch-coated cottonseed was greater than that of the fuzzy cottonseed according to a one-way ANOVA test (Table 1 ). This can be explained by the e!ect of gelatinized starch, as in the case of the thermal conductivity. In this case, considering the e!ects of the starch coating on k and is su$cient according to Eqn (4) because C was not a!ected by the coating. As starch coating caused to increase (Table 2) , k also increased due to increasing (Table 1) . However, the rate of increase of k versus was higher in the starch-coated cottonseed compared with the fuzzy cotton seed in bulk [Eqns (6) and (7) in Table 3 ]. Besides that, k of the gelatinized starch is signi"cantly greater than that of the fuzzy seed (Table 2) . Then the resultant e!ect of the starch coating increased the bulk thermal di!usivity of the cottonseed.
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